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Abstract — Light-matter interactions are an established field that is experiencing a renaissance
in recent years due to the introduction of exotic coupling regimes. These include the ultrastrong
and deep strong coupling regimes, where the coupling constant is smaller and of the order of
the frequency of the light mode, or larger than this frequency, respectively.
years, quantum simulations of light-matter interactions in all possible coupling regimes have been
proposed and experimentally realized, in quantum platforms such as trapped ions, superconducting
circuits, cold atoms, and quantum photonics. We review this fledgling field, illustrating the benefits
and challenges of the quantum simulations of light-matter interactions with quantum technologies.

In the past few
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Introduction . — Light-matter interactions have ex-
isted as a growing field inside physics for more than a

v1

(Ocentury [I]. In addition to the exciting theoretical and
(Y) experimental advances in this area that have found ap-
00 plications in quantum technologies [2], a novel avenue

has emerged that brings fresh perspectives to the field,
.namely, light-matter interactions in the ultrastrong and
— deep-strong coupling regimes [3/[4]. In these regimes, the
light-matter coupling is of the order of the electromagnetic
mode frequency and smaller than it, in the first case, and
= =larger than the mode frequency in the second case. These

.~ are regimes hard to attain in atomic systems, but they

>< have been achieved in some cases in superconducting cir-
Rcuits as well as in polaritons. For detailed reviews on the

field, see Refs. [34].

Quantum simulators are controllable quantum systems
capable of reproducing the features of other quantum
systems, such as dynamics and static properties, e.g.,
the ground state energy [5]. They have been proposed
and experimentally implemented in a variety of simulated
topics, such as high-energy physics, quantum chemistry,
and condensed-matter physics, and quantum platforms, as
for example trapped ions, superconducting circuits, cold
atoms, and quantum photonics.

In the past few years, the quantum simulation of light-
matter interactions in all possible coupling regimes has
been proposed and implemented, either in trapped ions [6--
[12], superconducting circuits [I3HI6], cold atoms [I7], as

well as photonics [18].

In this Perspective, we start with a revision of the quan-
tum Rabi model from quantum optics, describing the cou-
pling between a two-level quantum system and a quan-
tized bosonic mode. Later on, we give an overview of the
research on quantum simulations of light-matter interac-
tions, focusing on three paradigmatic examples: the quan-
tum simulation of the quantum Rabi model in a trapped
ion [6], a proposal to implement the Dicke model with a
multi-ion system [§], as well as the quantum Rabi and
Dicke models in superconducting circuits [14]. Moreover,
in the last section we will briefly describe further results in
other quantum platforms such as photonics [I8] and cold

atoms [17].

Light-matter interaction: the quantum Rabi
model. — The quantum Rabi model (QRM) is the ba-
sic model of light-matter interactions [T19]. It consists of
a two-level spin coupled to an electromagnetic bosonic
mode. When it is extended to several spins coupled to
the same mode, the result is called the Dicke model [20].
The Hamiltonian for the QRM takes the form, in the
Schrodinger picture (h = 1),

H. _w T T
QRM — 9 0, +wa a+gam(a +a’)a (1)
where w is the spin frequency, w is the electromagnetic
mode frequency, ¢ is the light-matter coupling, af, a are
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creation and annihilation operators of the electromagnetic
bosonic mode, and o, , are Pauli matrices.

Typically, in atomic systems the coupling g is several
orders of magnitude smaller than the mode frequency w
and the spin frequency wg, such that an approximation
can be made. This is called the rotating-wave approxima-
tion (RWA), and consists of neglecting the counterrotating
terms, depending on wp+w, in the interaction Hamiltonian
in an interaction picture with respect to (wo/2)o. +wa'a,

HIi'p' = g(oTaexpli(wo—w)t]+otal expli(wo+w)t]+H.c.).
2)
The result is the Jaynes-Cummings (JC) model [21], which
can be easily solved as it enjoys a U(1) symmetry, and in
the Schrédinger picture takes the form,
Wo
Hjycm = - 0= +wa'a+g(oya+o_al). (3)
When extended to several spins coupled to the same
mode, the Jaynes-Cummings model transforms into the
Tavis-Cummings model [22], which is nothing but the
Dicke model under small coupling g as compared to w
and wy, after applying the rotating-wave approximation.
Two interesting results in this area are the analytical so-
lution to the quantum Rabi model in all coupling regimes,
obtained in recent years [23], as well as the exploration
of coupling regimes beyond the rotating-wave approxima-
tion [24], namely, the ultrastrong coupling regime (USC,
0lw < g S w), and the deep-strong coupling regime
(DSC, g 2 w). Further recent results in the literature
involve the exploration of quantum phase transitions in
the quantum Rabi model [I1].

Quantum Rabi model with trapped ions. — Here
we will review the proposal in Ref. [6] for implementing
the QRM in all parameter regimes with a single trapped
ion. This proposal has been experimentally carried out in
Ref. [9], successfully reproducing the dynamics and ground
state properties.

Individual ionized atoms confined employing Paul traps
can have their motional quantum states cooled down to
their ground state employing laser cooling techniques [25].
Moreover, two internal electronic levels of a trapped ion
can be employed as a quantum spin. Via red and blue
sideband interactions, one may couple the internal spin
and the bosonic motional mode, with the Hamiltonian

H = %UZJrVaTaJrQ(JJF+U,)(exp{i[7](a+aT)

— b+ g} + exp{—iln(a + a') — wit + @1} ) (4)

Here, o4 and o_ are the raising and lowering Pauli opera-
tors, a' and a are the creation and annihilation operators
of the motional mode, v is the motional mode frequency,
1 is the spin transition frequency, 1 is the Lamb-Dicke pa-
rameter, {2 is the Rabi interaction strength, while w; and
¢, are, respectively, the frequency and phase of the laser

driving. Under a bichromatic driving, moving into an in-
teraction picture with respect to the free-energy Hamilto-
nian, Ho = %0, + vata while applying an optical RWA,
the Hamiltonian results [20]

Qn
> 5

n=r,b

o = [ein[a(t)JraT (t)]ei(VU*Wn)to—Jr +H.ec. 7(5)

where a(t) = ae~"* and a'(t) = aTe?*. The frequencies of
the red-sideband (r) and blue-sideband (b) drivings, with
detunings §, and J, read,

wr=vg+ v+, wp=1v9—V—+ 0.

Neglecting fast oscillating terms in Eq. (B]), while consid-
ering the Lamb-Dicke regime, i.e., ny/(afa) < 1 we select
terms that oscillate with minimum frequency, assuming
On,Qp < v for n = r;b. With these approximations we
obtain the simplified Hamiltonian

_ i
leio

5 O+ (aeii‘m + aTefmbt) + H.c.,

(6)
where we assume equal interaction strengths for both side-
bands, 2 = Q, = ;. By moving into an additional inter-
action picture with respect to Hy = %(6;, +0.)o, + %(517 —
5,)ata, we eliminate the time dependence in H' and the
quantum Rabi Hamiltonian is obtained,

(7)

R
— w . —
HQRM: 700—2 +wRaTa+2g(J+*O' )(a+aT)a

with the simulated spin and bosonic mode frequencies

_ 18

1 1
w(}f’: —5(6r+5b), WR: 5(57«—617), g 5

(8)
provided by the sum and difference of both detunings,
respectively. Given the fact that these parameters can be
tuned at will in a trapped-ion experiment, this allows one
for the study of the QRM in all possible coupling regimes
via the appropriate choice of the ratio g/w®. It is notable
that all carried out interaction-picture mappings are of
the form aa'a + Bo.. This formula commutes with the
standard observables in the QRM, {o.,|n)(n|,a’a}, such
that the experimental measurements will not be affected
by the transformations.

Access to exotic regimes—.  Here we will describe the
regimes which are difficult to achieve with atomic systems
without a quantum simulation, namely, the ultrastrong
and deep-strong coupling ones. For a complete descrip-
tion of the quantum simulation with a trapped ion of all
possible coupling scenarios, we refer to the original Ref. [G].

The USC regime is defined in the interval 0.1 < g/wf <
1, with perturbative and nonperturbative limits. In this
range of parameters, the RWA does not hold even with
the spin on resonance with the mode. In this situation,
the dynamics has to be described in terms of the complete
quantum Rabi Hamiltonian. In the case where g/w’ > 1,
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we reach the DSC region, for which the evolution can be
explained in terms of phonon number wave packets bounc-
ing back and forth along well established parity chains [24].

The access to all possible regimes is constrained by the
maximum detunings permitted for the drivings, which are
provided by the relation d,;, <« v. This will allow that
high-order sidebands are not populated. In Ref. [6], a
numerical simulation of the full Hamiltonian in Eq. (&)
was carried out with typical ion-trap parameters: v =
27 x 3MHz, Q = 27 x 68kHz and n = 0.06 [27], with laser
detunings given by d, = —27 x 102kHz and 6,, = 0. This
would correspond to a simulation of the JC regime with
g/w® = 0.01, which, interestingly, is the most demanding
regime for the quantum simulator, as it has the largest
detunings, even though it is analytically solvable. The
numerical simulations showed that second-order sidebands
were not populated and that the state dynamics followed
the analytical JC solution with a fidelity above 99% for
many Rabi oscillations. Values of n = 0.06 also allow
for up to few tens of phonons, enabling the Lamb-Dicke
regime and allowing for high-fidelity quantum simulation
of the QRM in all possible coupling scenarios.

With respect to decoherence times, the relevant
timescale of the quantum simulation corresponds to
techar = 27“. In the proposed quantum simulator, g = "TQ,
such that tcpar = %. For realistic values of n = 0.06—0.25
and of /27w = 0— 500 kHz, the dynamics timescale of the
considered system is of the order of milliseconds, being
well below decoherence times of ionic electronic levels and
motional degrees of freedom [25].

Ground state preparation—.  The ground state |G) of
the QRM in the JC regime (g < w’?) corresponds to the
state |g,0), namely, the spin ground state, |g), as well as
the bosonic mode vacuum, |0). It is well known that |g, 0)
does not provide the ground state of the interacting sys-
tem for larger light-matter coupling regimes, for which the
contribution of the counter-rotating terms is sizable [2§].
As described in Ref. [6] and experimentally demonstrated
in Ref. [9], the ground state of the USC and DSC Hamilto-
nians is highly nontrivial [23], mainly because it contains
spin and mode excited states, i.e., (Gla'a|G) > 0.

Therefore, initializing the spin-bosonic mode system in
its real ground state is a quite involved state-engineering
exercise in most parameter situations, except for the JC
limit. In Ref. [6] it was proposed to generate the ground
state of the USC/DSC coupling regimes of the QRM via an
adiabatic evolution. When the QRM system is prepared
in the JC region, achieved, e.g., with detunings 6, = 0
and |dp] > g, it represents a JC Hamiltonian with its
ground state corresponding to |G) = |g,0). We point out
that the g/w® ratio can be slowly increased, adiabatically
mapping the system in the configuration space to higher
coupling regions [29]. This may be achieved in two ways,
namely, increasing g by a larger intensity of the driving, or
decreasing w® by a smaller detuning |0,|. The adiabatic
theorem [30] guarantees that, for a slow enough process,

Landau-Zener transitions to excited states will not hap-
pen, the system continuing in its ground state.

Quantum Simulation of the Dicke Model in
Trapped Ions. — We review now how to simulate the
Dicke model in a linear ion trap, following the proposal
in Ref. [8]. The Dicke model [20], being the natural ex-
tension of the quantum Rabi model [19/23], consists of
N two-dimensional spins coupled to a single electromag-
netic field bosonic mode. The interaction term between
the spins and the bosonic mode can be expressed in terms
of a Tavis-Cummings plus an anti-Tavis-Cummings terms,
producing the following Hamiltonian,

N
q
Hp =wa'a + Z %afn—l—
m=1

Tavis-Cummings anti-Tavis-Cummings

N N
+ Z gm(ac), + He.) + Z gm(a'ol +He). (9)
m=1 m=1

Moving into an interaction picture with respect to the
uncoupled Hamiltonian, wa'a + Zgﬂ wl oz /2 one ob-
tains,

N
HY = Z Im (aazei(wi_“)t + H.c.) +

m=1
N
+ Z Im (aTa:{lez(w?’ﬁ“)t + H.c.) . (10)
m=1

Considering all ion frequencies equal and the bosonic field
mode to be coupled with the same interaction strength to
all qubits, namely, w?, = w? and g, = g (Ym € [1, N]),
the Hamiltonian results

HL =g (aEJrei(“’q*“’)t + H.c.) +

+g (aTE+ei(wq+“)t + H.c.) . (11)
Following the protocol developed in Ref. [6] for the
QRM, as described in previous section, namely, the single-
spin Dicke model, the crucial feature to implement a con-
trollable quantum model with an analog quantum simula-
tor is to recognize the similarities between that model and
the trapped-ion device. A similar situation will happen in
the multiqubit case, as described in Ref. [8]. The Hamil-
tonian for the Dicke model in Eq. () corresponds to the
sum of red-sideband and blue-sideband Hamiltonians of a
multi-ion system, straightforwardly generalized from the
formalism in the previous section, i.e., H]I3 =H"+ H", as
long as the following choice is made
g = % a¢r:¢b :72 75r:w7wq ,5b:7(w+w‘I) ’
(12)
where we assume the Rabi frequencies for red and blue
sideband to be equal, Q' = QP = Q. Accordingly, the
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simulated frequencies of the Dicke model can be expressed
in terms of the motional mode frequency v, the frequency

of the two-level spins w?, as well as the laser frequencies
w" and wP,
ot — 6P W' —wP
w = 5 =v+ T
wq:—ér—géb:wo—wr%wb, (13)

as described in Ref. [§]. For the measurement and ground
state initialization, one may proceed in a similar way as
for the single-ion case [6,].

Quantum Rabi and Dicke models with super-
conducting circuits. — An analog quantum simula-
tor of the quantum Rabi model with superconducting cir-
cuits was introduced in Ref. [I3]. However, this analy-
sis is tricky to be carried out experimentally due to the
large drivings required. We will now review the digital-
analog proposal for the quantum simulation of the quan-
tum Rabi and Dicke models with superconducting circuits
introduced in Ref. [T4]. The experimental implementation
of this result was carried out in Ref. [T6]. An extension to
generalized Dicke models was put forward in Ref. [I5]. The
formalism employed in this proposal is the corresponding
to a digital-analog quantum simulator: a combination of
analog blocks (in this case, JC interactions) with digital
steps (in this case, single-spin rotations). The paradigm of
digital-analog quantum simulation and computation was
reviewed in Ref. [31].

In this case, the blue-sideband interaction will not be as
easily available as in trapped ions, such that we will follow
a digital-analog approach [31], considering only red side-
band (JC) drivings and single-spin rotations. We begin
by assuming a standard circuit QED setup with a charge-
like qubit, e.g. a transmon qubit [32], which will play the
role of our spin, being coupled to a mw resonator. This
scenario follows the Hamiltonian [33]

w
H =wya'a+ Eqaz +g(a'o_ +aoy), (14)
where w, and w, are the qubit (i.e., spin), and resonator
transition frequencies, ¢ is the spin-resonator interaction
strength, a' and a are the creation and annihilation oper-
ators for the resonator mode, respectively, and o are the
raising and lowering spin operators.

The proposal in Ref. [I4] is based on realizing that the

evolution of the quantum Rabi Hamiltonian

R
w
Hp = wlala + quz + gfo,(a" +a) (15)
can be simulated with a superconducting circuit device
obeying a JC interaction, such as in Eq. (I4]), by means of
a digital decomposition.
The quantum Rabi Hamiltonian in Eq. (I8) can be ex-

panded in two terms, Hr = H; + Hs, where

R wl
Hy = “r ota+ g, +g(a'o_ 4 aoy),

2 2
R w2
Hy = %aTa - 7‘102 +g(a’oy +ac_), (16)

being the spin transition frequency defined for the two
steps such that w; —w,? = wf. These two evolutions can be
carried out in a superconducting circuit system with fast
control of the spin (i.e., qubit) transition frequency. If we
start from the spin-resonator Hamiltonian in Eq. (I4]), we
can employ a picture rotating at frequency w, with which
the resulting interaction Hamiltonian reads

H=Adla+ Ao, +gla'o_ +aoy), (17)
where A, = (w, — @) and A, = (w, — @) /2. Accordingly,
Eq. (IT) coincides with H;y, after a suitable redefinition
of the parameters. The anti-JC, counterrotating term Ho
can be carried out via a local spin rotation to H as well
as another detuning for the spin transition frequency,

e /2Heimoe /2 = Npata—Ajo.+glatoy +ao ). (18)

If we choose different spin-resonator detuning for the
two parts, A; in the first case and A3 in the second one,
we will be able to quantum simulate the quantum Rabi
Hamiltonian, Eq. (&), by means of a digital-analog de-
composition [31], by successive iterations of the interleaved
interactions. By increasing the number of digital steps,
one may improve the fidelity via reducing the digital er-
TOr.

The Rabi parameters of the simulated model will be
mapped to the physical parameters of the quantum sim-
ulator according to the expressions, wlt = 2A,, wf =
Aé — Ai, gt =g.

To assess how realistic would the quantum simulation
be, in Ref. [14] numerical simulations were carried out
with realistic superconducting circuit parameters [32]. A
frequency of w, /27 = 7.5 GHz, and a transmon-resonator
coupling of g/27 = 100 MHz were considered. The spin
frequency wy and the rotating frame frequency w were suit-
ably varied to achieve different parameter scenarios.

In Ref. [I6], an experimental demonstration of this pro-
posal was carried out. The number of digital (i.e., Lie-
Trotter-Suzuki) [31] steps was significantly high, up to 90,
resulting in a large fidelity and an accurate reproduction
of the model.

Additional results in the literature. — Without
the goal of being exhaustive, here we describe some other
articles which appeared in the literature on quantum sim-
ulations of light-matter interactions with quantum tech-
nologies. Omne of the first experimental realizations of
a quantum simulation of the quantum Rabi model was
carried out in a photonics platform [I8]. In this ex-
periment, an analog quantum simulator of the quantum

p-4



Quantum simulations of light-matter interactions

Rabi model was performed, by means of light transport in
femtosecond-laser-written waveguide superlattices. This
approach allowed one for an experimentally accessible
framework to explore the features of light-matter interac-
tion in the ultrastrong and deep-strong coupling regimes.

In Ref. [I7], a method was developed to carry out a
quantum simulation of the quantum Rabi model with cold
atoms in tailored optical lattices. In this work, an impe-
mentation of the two-level spin was proposed in terms of
the population of Bloch bands in the first Brillouin zone.
The effective spin would couple to a quantum bosonic
mode provided by an optical dipole trap.

Conclusions and future perspectives. — In this
article we have reviewed the field of quantum simulations
of light-matter interactions with quantum technologies.
We have described three prototypical results in the litera-
ture: the quantum simulation of the quantum Rabi model
with a single trapped ion, a proposal for the quantum im-
plementation of the Dicke model with trapped ions, and
the quantum simulation of the quantum Rabi and Dicke
models with superconducting circuits.

Quantum technologies may allow one to explore exotic
regimes of light-matter interactions which are inaccesible
to atomic systems, such as the ultrastrong and deep-strong
coupling regimes. Even though these ranges of parameters
may be simulated ab initio in quantum platforms such
as superconducting circuits and condensed matter polari-
tons, it can be extremely useful to study these regimes
in controllable quantum platforms such as quantum sim-
ulators. In these devices, the parameters can be tuned at
will, and the cases to be analyzed can be much larger than
with a fixed sample built in a nanofabrication lab facility.
Moreover, even though the quantum simulations carried
out in this area so far are straightforwardly simulatable
with classical computers, future extensions of these pio-
neering works may involve scalability to many spins, as
well as nonsymmetric situations including inhomogeneous
couplings, bias terms, as well as pulsed dynamics. These
cases may enable one to go beyond what is efficiently com-
putable classically, and outperform the fastest classical su-
percomputers for exploring these nonstandard regions.

Finally, future explorations of extreme light-matter in-
teractions with quantum simulators may enable the design
of novel materials and devices, which could have an impact
in science, technology, and industry.
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